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Introduction
Glioma has been considered as the most common primary tumor in the brain of adults with the highest malignancy, in which glioblastoma is the most aggressive and lethal type. 1, 2 Despite that the multimodal therapeutic strategy has been improved over the past decades, the prognosis of glioma patients remains unoptimistic. 3, 4 Thus, it is urgent to explore the mechanism of strong invasiveness of glioma and develop new treatment strategies.
Long non-coding ribonucleic acids (lncRNAs) refer to a series of non-protein transcripts with more than 200 bp in length. 5 In the past decade, multiple studies have focused on the biological processes of cancer including proliferation, 6 migration, 7 invasion, 8 angiogenesis, 9 and chemoresistance. 10 Proposed by Salmena and colleagues in 2011, competing endogenous RNA (ceRNA) is a crucial mechanism of lncRNAs, 11 based on which lncRNAs indirectly regulate target genes via forming RNA-induced silencing complex (RISC) with RNA-binding proteins, 7, 12 and the lncRNA-miRNA-mRNA network has been validated in several human cancers including glioma. 8, 13 Although multiple lncRNAs have been annotated, there remains a need to investigate the biological function and the potential mechanisms of lncRNAs in glioma. HOXC13 antisense RNA (HOXC13-AS), located on 12q13. 13 , is a gene accelerating tumor progression in breast cancer 14 and nasopharyngeal carcinoma. 15 However, the biological role and potential mechanism of HOXC13-AS in glioma remain unclear.
Epithelial-mesenchymal transition (EMT) is a common mechanism in tumors. by which cells lose their epithelial characteristics and form highly invasive and migratory phenotypes. 16, 17 Therefore, EMT plays a pivotal role in tumor progression. 18 Tumor cells and matrix components collaboratively participate in the malignant progression and recurrence of glioma. 19 Hence, studies on the EMT process are essential to suppress the malignant progression of glioma.
In the present research, a novel lncRNA, HOXC13-AS, was reported as an oncogene in glioma. HOXC13-AS downregulation repressed the migration, invasion and EMT process of glioma cells. Mechanistically, HOXC13-AS regulated the SATB1 expression via sponging miR-122-5p, and the Wnt/βcatenin pathway was involved in the biological role of HOXC13-AS. Interestingly, c-Myc, the target gene of the Wnt/β-catenin pathway could bind to the promoter region of HOXC13-AS and regulate the expression of HOXC13-AS at the transcription level, thereby forming a positive feedback loop.
Materials and methods

Tissues and cell lines
Twenty glioma tissue samples and seven cerebral trauma samples (non-neoplastic brain tissues, NBTs) were collected from the Department of Neurosurgery, Huzhou Central Hospital. The study was approved by the Ethics Committee of Huzhou Central Hospital and all patients were required to sign the informed consent. All patients clinical information were listed in Table S3 . Normal human astrocytes were purchased from ScienCell Research Laboratories (Carlsbad, USA) and maintained using astrocyte medium (Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin and streptomycin). Glioma cell lines (LN229, U251, U87 and U118) were bought from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and N3 primary glioma cell was obtained from Tianjin Medical University. All glioma cells were cultured in Dulbecco's modified Eagle's medium (DMEM) and incubated with 5% CO 2 at 37°C. The use of N3 glioma cell line was approved by Ethics Committee of Huzhou Central Hospital.
Stable cell transfection and establishment
For stable transfection, lentiviruses carrying HOXC13-AS knockdown sequence (shHOXC13-AS) or control sequence (shCtrl) were packaged into LN229 and N3 cells via lentiviral packaging kit (Genechem Shanghai, China) according to manufacturer's instructions and selected with puromycin at 2 days after transfection. For transient transfection, miR-122-5p mimics (miR-122-5p), control mimics, miR-122-5p inhibitor (anti-miR-122-5p) and inhibitor control were purchased from RiboBio (Guangzhou, China). SATB1 small interfering RNA (siSATB1), control siRNA (siCtrl), c-Myc siRNA (si-c-Myc) and control small interfering RNA (siRNA) (siCtrl) were bought from Genechem (Shanghai, China). RiboFECT CP Transfection Kit (Ribobio, Guangzhou, China) was employed for transient transfection according to manufacturer's instructions. All sequences were listed in Table S1 .
RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
The total RNA of glioma was extracted using Total RNA Kit I (Omega Bio-tek, GA, USA) based on the manufacturer's instructions, followed by qRT-PCR analysis using SYBR Premix ExTaq (Takara). U6 was used as a negative control. Primers for HOXC13-AS, miR-122-5p and β-actin were purchased from RiboBio (Guangzhou, China). ABI 7500 RT-PCR system was utilized for qRT-PCR. The data were determined using 2 −△△Ct method. All primer sequences were listed in Table S2 .
The separation of nuclear and cytoplasmic fractions
The separation of nuclear and cytoplasmic fractions were performed using Ambion ® PARIS™ system (Thermo Fisher, Shanghai, China) according to manufacturer's instructions. After RNA extraction, qRT-PCR analysis were performed using SYBR Premix ExTaq (Takara). Primers for HOXC13-AS, β-actin and U6 were purchased from RiboBio (Guangzhou, China).
Western blotting assay
Western blotting assay was conducted as described previously. 19 Antibodies against SATB1, Vimentin, N-cadherin, c-Myc and β-actin were purchased from Cell Signaling Technology (Danvers, MA, USA).
Wound healing and Transwell assays
Wound healing and Transwell assays were performed as described above. 19 In vitro three-dimensional (3D) invasion assay Collagen I gels, purchased from Inamed (Fremont, CA, USA), were pre-treated with NaOH and mixed liquor containing DMEM and 10% FBS. LN229 and N3 glioma cells aggregated and were implanted into 3D collagen I gels. 20 Finally, Nikon ECLIPSE E800 fluorescence microscope system was used to observe the results.
Dual-luciferase assay
Luciferase report plasmid carrying wild type (WT) or mutant (MUT) HOXC13-AS or SATB1 sequences were compound by Genechem (Shanghai, China). Control mimics or miR-122-5p mimics were co-transfected with related luciferase report plasmids into LN229 and N3 glioma cells. The luciferase assay was implemented using Dual-Luciferase Kit (Promega, Wisconsin, USA) and luciferase activities were analyzed by Dual Luciferase Reporter Assay System (Promega, Wisconsin, USA).
RNA immunoprecipitation (RIP) assay
LN229 and N3 glioma cells were treated with magnetic beads pre-conjugated with Argonaute2 (Ago2) antibody. Normal mouse IgG functioned as a negative control. RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) was utilized for RIP assay in accordance with the manufacturer's protocol.
Chromatin immunoprecipitation (CHIP) assay
CHIP Kit (Millipore, Massachusetts, USA) was employed for CHIP assay in line with the manufacturer's protocol. The chromatins of N3 and LN229 were conjugated with 3 μg c-Myc antibodies, followed by detection of immunoprecipitated DNA via RT-PCR.
Statistical analysis
All results were analyzed by Graphpad Prism 7 (La Jolla, CA, USA) and SPSS 22.0 software (IBM, Corp., Armonk, New York, USA). Data were evaluated by Student's t-test or ANOVA and expressed as mean ± standard deviation (SD). p<0.05 represented that the difference was statistically significant.
Results
HOXC13-AS was highly expressed in glioma and affects the malignant phenotype of glioma
It was found from TCGA database that there was a high HOXC13-AS level in high-grade glioma (HGG) compared with low-grade glioma (LGG) ( Figure 1A ) and high HOXC13-AS level represented poor prognosis ( Figure 1B) , indicating that HOXC13-AS may function as an oncogene in glioma, which was confirmed by HOXC13-AS expression level detected via qRT-PCR analysis. To confirm the results of bioinformatics analysis, 20 glioma tissues and 7 NBTs obtained from 7 cerebral trauma patients were selected, and the HOXC13-AS level was analyzed by qRT-PCR. The results showed that glioma tissues had a higher HOXC13-AS level ( Figure 1C ), and the same results were also obtained in glioma cells ( Figure 1D ). The above data indicate that HOXC13-AS may act as a tumor stimulator in glioma.
To further investigate the biological function of HOXC13-AS, its expression was knocked down by lentiviruses in LN229 and N3 cells (with a high HOXC13-AS level, Figure 1D ), and qRT-PCR analysis confirmed the knockdown efficiency ( Figure S1A ). On account of the reduction of epithelial cells, E-cadherin was poorly expressed in glioma, 21 so the changes in N-cadherin and Vimentin expressions were tested to analyze the EMT process in glioma. As expected, the protein levels of Ncadherin and Vimentin were markedly down-regulated after the reduction of HOXC13-AS in N3 and LN229 cells ( Figure 1E ). As the EMT process is always accompanied by the changes in cell migration and invasion, wound healing and Transwell assays were conducted in both N3 and LN229 cells. It was discovered that knockdown of HOXC13-AS delayed wound healing and the decrease of invasive cell number, which indicated the reduction of mobility and invasiveness of glioma cells ( Figure 1F and G). Briefly, the above findings denote that HOXC13-AS promotes migration, invasion and EMT process in glioma.
HOXC13-AS acts as a molecular sponge for miR-122-5p to regulate SATB1 expression
Based on the ceRNA hypothesis, the function of lncRNAs is related to their intracellular localization. This study revealed that HOXC13-AS was mainly located in the cytoplasm in glioma cells (Figure 2A ), which suggested that HOXC13-AS may function as a ceRNA to regulate the malignant phenotype of glioma. Besides, bioinformatics analysis (DIANA tools, http://diana.imis.athena-innova tion.gr/DianaTools/index.php?r=site/index and miRcode, http://www.mircode.org/) demonstrated that miR-122-5p was present in both two databases ( Figure S2A ), indicating that miR-122-5p is a predict target for HOXC13-AS. Meanwhile, miR-122-5p was down-regulated in HGG compared with LGG in CGGA database ( Figure S2B ). To clarify whether miR-122-5p binds directly to HOXC13-AS, dual-luciferase report gene assay was performed, which showed that miR-122-5p-mediated suppression of luciferase activity was inhibited by HOXC13-AS mutation ( Figure  2B ). Moreover, RIP was conducted using antibody against Ago2, the key factor of RISC. As expected, HOXC13-AS and miR-122-5p were present in Ago2 precipitates ( Figure  2C ) and knockdown of HOXC13-AS up-regulated miR-122-5p ( Figure 2D ). All in all, the above findings imply that HOXC13-AS suppresses the miR-122-5p expression through RISC-dependent manner.
In order to verify whether miR-122-5p participates in HOXC13-AS-mediated migration and invasion of glioma cells, miR-122-5p was overexpressed or knocked down in glioma cells with reduced HOXC13-AS. After that, wound healing and 3D-spheroid invasion assays were employed to analyze the mobility and invasiveness of glioma cells. The results manifested that the knockdown of HOXC13-AS regulated the migration and invasion of glioma cells, which could be suppressed by miR-122-5p overexpression but facilitated by miR-122-5p inhibition (Figures 2E, F  and S2C ).
HOXC13-AS indirectly regulated the SATB1 expression
To further analyze the ceRNA network between HOXC13-AS, miR-122-5p and its targets gene in glioma, 5 bioinformatics websites (DIANA, miRanda, miRDB, miRwalk and Targetscan) were used to predict the potential target genes of miR-122-5p. According to the results, SATB1, a well-defined oncogene, is involved in all these databases ( Figure 3A ). In addition, SATB1 was identified to be a directly target of miR-122-5p via dual-luciferase report gene assay ( Figure 3B ). Subsequently, pGL3-basic-SATB1, miR-122-5p and HOXC13-AS overexpression plasmids were co-transfected into HEK293T cells. The enhanced luciferase activity has a relationship with HOXC13-AS in a dose-dependent manner, indicating that HOXC13-AS sequester miR-122-5p and stabilize SATB1-mediated luciferase activity. Moreover, it was discovered that knockdown of HOXC13-AS decreased the SATB1 expression, and the SATB1 protein level suppressed by shHOXC13-AS was rescued by miR-122-5p inhibitors ( Figure 3D and E). Wound healing and 3D-spheroid invasion assays were conducted to detect the biological role of SATB1 in glioma cells. N3 and LN229 cells were transfected with SATB1 siRNA ( Figure S3A ), and the results showed that the migration and invasion abilities of glioma cells were significantly reduced after SATB1 depletion ( Figure 3F and G). The above results evidence the presence of the HOXC13-AS/miR-122-5p/SATB1 axis in glioma.
HOXC13-AS and c-Myc formed a positive feedback loop
Several studies have reported that SATB1 can regulate tumor progression via the Wnt/β-catenin pathway. 22 In order to investigate the involvement of Wnt/β-catenin pathway in the HOXC13-AS-induced tumorigenic effects, the protein levels of N-cadherin, Vimentin, β-catenin as well as c-Myc, a target gene of Wnt/β-catenin pathway were examined. It was found that HOXC13-AS knockdown suppressed N-cadherin, Vimentin, β-catenin and c-Myc expression levels, implying that HOXC13-AS may regulate EMT process via the Wnt/β-catenin pathway ( Figure 4A ). What's interesting was that JASPAR database (http://jaspar.genereg.net/) denoted that c-Myc had the potential to bind to the promoter area of HOXC13-AS.
To confirm this conjecture, c-Myc was knocked down by siRNA ( Figure 4B) , and the expression level of HOXC13-AS was analyzed. The results manifested that the depletion of c-Myc caused the decrease of HOXC13-AS ( Figure  4C ). Then we scanned the promoter region of HOXC13-AS and found that there were three potential binding sites of c-Myc ( Figure 4D ). To better elucidate the binding of c-Myc and HOXC13-AS promoter region, CHIP assay was conducted, and it was observed that only putative site 1 had PCR production, indicating that c-Myc can bind to HOXC13-AS promoter at −809 to −798 region ( Figure  4E ). To better investigate the expression of HOXC13-AS-miR-122-5p-SATB1-c-Myc feedback loop, we performed linear regression analyses by using 20 glioma tissues. The results showed that HOXC13-AS is positively correlated with SATB1 and c-Myc, while SATB1 is negatively correlated with miR-122-5p ( Figure S3B-D) . In summary, the above findings suggest that c-Myc can regulate HOXC13-AS at the transcription level and form a positive feedback loop.
Discussion
Increasing evidences have confirmed that ncRNAs, including circRNAs and lncRNAs, can interact with mRNAs if they contain same miRNA binding sites which reveal the ceRNA theory. 11, 23 Based on the results in this study, it was proposed that the present of HOXC13-AS-miR-122-5p-SATB1-c-Myc positive feedback loop which is essential for the regulation of malignant behavior of glioma provides a potential therapeutic target for glioma. Only three percent of transcribed human gene can encode protein, which makes the studies on ncRNAs become important. Over the past decade, there have been more studies on lncRNAs in cancer. 24 By reason of the biological function on malignant behavior of cancers, including proliferation, 12 migration, 25 invasion 26 and chemoresistance, 10 lncRNAs have been considered as an essential regulator in cancer. EMT plays the key role in tumor invasiveness enhancement and is involved in malignant progression of glioma. 19, 27 In the current study, a novel lncRNA which hasn't been identified in glioma, HOXC13-AS (ENSG00000249641), was reported to be upregulated in both glioma cells and tissues. Knockdown of HOXC13-AS represented the suppression of migration, invasion and EMT process of glioma cells. Thus, our CeRNA is a basic mechanism of lncRNAs which is widely present in tumors. LncRNAs can "talk" with target mRNAs via binding and titrating them off their binding sites on protein coding messengers. 11, 28 To further explore the molecular mechanism of the biological function of HOXC13-AS, its intracellular localization was assessed. Bioinformatics analysis, RIP, dual-luciferase report and Western blot assays demonstrated that miR-122-5p was a target of HOXC13-AS and SATB1, and further in vitro studies confirmed the effect of the HOXC13-AS/miR-122-5p/SATB1 axis on tumor progression. In brief, the above findings prove the existence of the HOXC13-AS/miR-122-5p/SATB1 axis, which can accelerate the migration and invasion of glioma. SATB1 tethers multiple genomic loci and recruit multiple enzymes to regulate gene expression. 29 As a genome organizer, SATB1 has been verified to promote tumor growth and metastasis. 30, 31 In glioma, SATB1 has been reported as a activator of tumor development and progression, 32 and Wnt/β-catenin has been considered as an important pathway of SATB1-induced tumor progression. 22, 33 In the current study, SATB1 was discovered to accelerate the migration and invasion of glioma cells, and the Wnt/β-catenin pathway was involved in HOXC13-AS-induced EMT process. c-Myc is the target gene and the key factor of Wnt/β-catenin pathway, 34 whose expression is positively correlated with HOXC13-AS level. Interestingly, c-Myc could bind to the promoter region of HOXC13-AS to regulate its expression at the transcription level. As previously reported, transcription factors exert their biological functions at the transcriptional level to regulate genes' expression, such as ZEB1, 35 STAT1 9 and NFAT5. 36 Thus our results support the notion that lncRNAs and their target genes can form a feedback regulatory loop which may play a crucial role in glioma development and progression.
In conclusion, the data in this study highlight the importance of correlations of HOXC13-AS with miR-122-5p, miR-122-5p's target SATB1 and Wnt/β-catenin pathway in regulation of glioma cell migration, invasion and EMT process. HOXC13-AS can sponge miR-122-5p to indirectly regulate SATB1 and Wnt/β-catenin pathway.
The key factor of Wnt/β-catenin pathway, c-Myc, can then in turn regulate HOXC13-AS expression, thereby forming a positive feedback loop. Therefore, the results of this study confirmed the presence of HOXC13-AS-miR-122-5p-SATB1-c-Myc feedback loop in glioma which may be a potential therapeutic target for glioma treatment. 
Disclosure
The authors report no conflicts of interest in this work.
OncoTargets and Therapy
Dovepress
Publish your work in this journal
OncoTargets and Therapy is an international, peer-reviewed, open access journal focusing on the pathological basis of all cancers, potential targets for therapy and treatment protocols employed to improve the management of cancer patients. The journal also focuses on the impact of management programs and new therapeutic agents and protocols on patient perspectives such as quality of life, adherence and satisfaction. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/ testimonials.php to read real quotes from published authors.
Submit your manuscript here: https://www.dovepress.com/oncotargets-and-therapy-journal
